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Abstract 
In order to predict CO2 storage potential of candidate geological reservoirs, this study investigated the CO2 sorption capacity of 
sandstone and granite under air-dry and water-saturated conditions using a volumetric technique, at temperatures of 33, 40, and 
50˚C and pressures up to 20MPa. The sandstone and granite have the potential to sorb CO2 under the both conditions. A 
comparison with model predictions (monolayer adsorption, solubility and pore-filling models) indicated that the sorption of CO2 
onto rock minerals offers an important mechanism for the CO2–rock interactions which may take place in the course of CO2 
injection. 
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1. Introduction 
If deep reductions in greenhouse gas emissions are required, to meet the UNFCC goal of stabilization of 
anthropogenic greenhouse gas emissions, especially in carbon dioxide (CO2) emissions, then one method to use 
would be CO2 capture and storage (CCS). This technology is to capture the CO2 at exiting power and industrial 
plants combined with CO2 geological sequestration. The sequestered CO2 would have to remain effectively isolated 
from the atmosphere for several hundreds or thousands of years. There are a number of potential geological 
reservoirs that can be used to store the captured CO2. These geological reservoirs include depleted and disused oil 
and gas fields, deep saline aquifers and deep unminable coal seams [1]. 
The global storage capacity for these geological reservoirs has been estimated according to IPCC’s “business as 
usual” scenario [2]. The capacity estimated for these reservoirs show that the geological storage of CO2 can make a 
substantial potential. From a capacity perspective, deep saline reservoirs offer a significant potential. Bachu et al. 
(1996) [3] suggested that suitable aquifers should be at depth below 800m where CO2 is in supercritical state 
because its critical point lies at 30.98˚C and 7.38MPa [4], containing formation water and/or saline water, and have 
a cap rock of low permeability to minimize of CO2 leakage.  
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Fig.1. Conceptual diagram of the simulated CO2 transport 
scenario for CO2 geological storage. 
 In Norway, an investigation of the CO2 migration 
process has continuously been performed by using 
the seismic monitoring surveys into the Utsira saline 
aquifer within Sleipner since 1996. Arts et al. (2004) 
[5] has reported that the injected CO2 was largely 
immiscible CO2 for 3 years in the field. As a further 
example, Johnson et al. (2004) [6] focused on 
coupled modeling simulations of CO2 injection into 
the Sleipner-like storage reservoir. The result has 
suggested that the 80-85% by mass of injected CO2 
remains and migrates as an immiscible fluid phase, 
15-20% dissolves into formation waters, and less 
than 1% precipitates as carbonate minerals after 20 
years. Hence, the greater part of the injected CO2 
would stay as an immiscible CO2 phase in short term 
(e.g. tens of years).  
Thus, during a subsurface CO2 migration process, 
the ultimate fate of CO2 injected into saline aquifers 
may occur CO2-water-rock interaction in two types 
of geological forms; as free CO2, that is, in a CO2 
rich dense phase that may contain some water; and 
in an aqueous phase: as CO2 dissolved in the formation waters, as shown in Fig.1. 
Therefore, we need to consider the CO2-water-rock interaction in the CO2 rich dense phase and the aqueous phase, 
and it is an important step to understand the potential of host reservoir rocks for the CO2 geological storage. 
Several studies have been conducted over the past decade to estimate the amount of CO2 storage capacity that can 
be stored in sedimentary basins [7, 8]. The assessments used data sets of variable size and quality, and have 
produced widely varying estimates of inconsistent quality and reliability [9].  
Up to now only a little of sorption data for CO2 sequestration into coal seams have been reported, but an 
experimental evaluation for the sorption capacity of the rocks is rarely for CO2 geological reservoir. 
The objective of this study was to provide an insight into understanding the complex CO2-water-rock interaction 
behavior in order to assess the sorption capacity under two simulated conditions for the CO2 rich dense phase (i.e. 
air-dry condition) and the aqueous phase (i.e. water-saturated condition) at geologically-relevant temperature and 
pressure. In this experiment, CO2 sorption measurement of a variety of rocks, e.g. sedimentary rock and igneous 
rock, has been performed by using a volumetric technique.  
 
2. Rock materials 
A set of experiments was performed, using samples from Kimachi Sandstone and Iidate Granite. Sandstone 
represents as the geological representation of CO2 storage site for CO2 geological storage of an aquifer likely the 
Statoil’s North Sea facility. Kimachi Sandstone is obtained from Shimane Prefecture in Japan.  
On the other hand, many volcanic regions like that in Japan are dominantly occupied by igneous rocks (e.g. 
granite). Thus, if CO2 is to be injected into those regions, we may also need to consider the igneous rock for CO2 
geological storage, leading to an expansion of potential CO2 storage. Iidate Granite is obtained from Fukushima 
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Fig.2. Schematic diagram of PVT system for CO2 sorption 
measurement of the rock sample by using a volumetric technique. 
Prefecture in Japan. Cores of Kimachi Sandstone and Iidate Granite were drilled parallel to lamination to yield the 
core samples used in the experiment. The core samples were each 39 mm in diameter and about 30 mm in length, 
and these rock samples were washed with distilled water.  
For the sorption measurement of dry rocks under the air-dry condition, the sample was dried under vacuum in an 
oven for at least 24 hours at 105˚C. Whereas, in the case of water-filled rocks under the water-saturated condition, 
the samples were prepared by immersing the rock core samples in distilled water under vacuum for about 3 hours, 
and then these samples were held at vacuum pressures for at least 24 hours.  
 
3. Experimental method 
In this study, the volumetric technique was used to determine the sorption capacities of Kimachi Sandstone and 
Iidate Granite as a function of pressure. The sorption measurements were performed by a PVT system (a mercury-
free Ruska PVT model 2370). Fig.2 shows schematically the PVT system, consisting of a CO2 sorption 
measurement system and CO2 supply system. The CO2 sorption measurement system consists of a buffer tank (500 
ml), a PVT cell (358.85 ml), and the high pressure transducer with a precision of 0.25% of the full-scale value. The 
full-scale of the pressure transducer was 68.96 MPa (=10,000 psi). The PVT cell and buffer tank are placed in a 
temperature-controlled air bath to ensure constant temperature (accuracy ±0.5K) throughout the experiments.  
For the sorption measurement, the volume in the PVT cell can be changed by a computer-controlled stepping 
motor, and the internal volume for the PVT cell has been calibrated, including pressure and temperature correction 
coefficients [10]. The sorption experiments were performed at temperatures of 33, 40, and 50˚C and pressures up to 
~20MPa. In this study, the sorption results are presented as the excess sorption (mmol CO2 gas) per gram of rock.  
The rock sample, which was weighed at atmospheric pressure, was placed in the PVT cell, as shown in Fig.2. 
Volumetric gas sorption experiments were conducted by the following experimental procedures. Initially, both the 
PVT cell and buffer tank were evacuated to 
establish a defined starting condition. The 
PVT cell and buffer tank were separated by 
closing the shut-off valve (valve 2) in order 
to prevent CO2 or other gas from entering 
the PVT cell. 
Subsequently, a certain amount of CO2 
was admitted to fill with the buffer tank 
volume by the gas access valve (valve 1). 
After closing the valve 1, 5 minutes were 
allowed for pressure and thermal 
equilibration because a stable temperature 
reading was achieved in about 3 min. 
The valve 2 is then opened and CO2 is 
admitted to enter a void volume in the PVT 
cell which is the volume of the PVT cell 
not occupied by the solid rock. 5 minutes 
were allowed to achieve thermal 
equilibrium, and the valve 2 was then 
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closed. After closing this valve, 30-90 min were allowed for pressure and thermal equilibration. During this period, 
the pressure in the PVT cell was monitored.  
Sorption starts and gas molecules were removed from the free gas phase, resulting in a pressure drop in the free gas 
phase. This pressure drop was accurately monitored at time intervals of 10 sec. until the pressure equilibrium was 
achieved. Here, the amount of sorbed CO2 at the equilibrium pressure is determined by the following equation: 
00 V
t ρηη −=   (1) 
where η is the sorbed volume in moles, ηt is the total number of moles of gas transferred to the PVT cell, ρ0 is the 
density of CO2 in free phase, and V0 is the void volume. 
In the next step, the molecules of CO2 within the PVT cell was compressed and pressurized due to the decrease cell 
volume during sorption process, and then CO2 pressure in the PVT cell increases. 
However, thermal equilibrium in the cell was not reached immediately after the desired volume of the PVT cell 
was setup, resulting in an unstable pressure and inaccuracies in measurement. Hence, the amount of sorbed gas is 
then defined as the differences moles of CO2 calculated to be present in the void volume at every pressure step after 
pressure equilibrium is reached in the cell: 
,...)3,2,1(,)( 111 =−=−= −−+∑ iVV iiiii
i
iin ρρηηηη  (2) 
 
where n is the total number of data points, the index, i, represent the number of pressure steps, ρi Vi are the density of 
CO2 in free phase depending on pressure and temperature in the PVT cell, and the void volume in the determined 
volume of the PVT cell in the ith step.  
Throughout the experimental duration, the void volume was calculated by subtracting the PVT cell volume from 
the rock sample volume when the PVT cell was determined at each pressure steps. 
Finally, the estimate of the total sorption capacity, ηex, is determined by combination of Eq. (1) and (2), which is 
given in Eq. (3): 
n
ex ηηη +=                                   (3) 
These steps are repeated until the maximum pressure level of the individual set-up is reached. During the 
experiment, the equation of state (EOS) for CO2 developed by Span and Wagner [4] was used. After the experiment, 
the rock sample was reweighed at the atmospheric pressure. 
 
4. Results and discussion 
CO2 sorption isotherms obtained from the volumetric measurements are shown in Fig. 3, as a function of CO2 
equilibrium pressure under air-dry and water-saturated conditions for Kimachi Sandstone and Iidate Granite. All 
these sorption isotherms at each temperature of 33, 40, and 50˚C show that CO2 sorption capacity of dry and water-
filled rocks increases with increasing CO2 pressure and decreases with increasing temperature, except in the vicinity 
of near critical pressures region. At 33˚C and 18MPa, through the defection point, the sorption capacity reaches 
approximately 1.8 mmol/g for Kimachi Sandstone and approximately 1.0 mmol/g for Iidate Granite, respectively. 
Thus, the shape of the sorption isotherms of Fig. 3 differs significantly from a “normal” gas sorption isotherm like 
that of a theoretical isotherm based on Langmuir monolayer model or B.E.T. multilayer model. It is noted that the 
CO2 sorption isotherm plots of 33, 40, and 50˚C have inflection points at around 8, 9, and 10MPa, respectively.  
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In any cases of Kimachi Sandstone or Iidate Granite, the rocks could be capable of sorbing CO2 into the sample at 
both the air-dry and water-saturated conditions, except the vicinity of the inflection point. The sorption capacities of 
the dry rocks revealed by the volumetric measurements are consistent with the results of the direct weight 
measurements.  
The sorption capacity decreases as the pressure reaches the inflection point and then increases when the pressure 
exceeds the inflection point for all the temperatures shown in Fig. 3. The sorption capacity gives a negative value 
near the inflection point for almost all the temperatures, except for the data on Kimachi Sandstone at 50˚C. It is seen 
that the change of the sorption capacity in the vicinity of the inflection point is more drastic when the temperature is 
lower, exhibiting a sharper valley in the sorption isotherm.  
In terms of the negative trend of sorption isotherm, it is the first time to observe the inflection point on the CO2 
sorption isotherm for the rocks, and these observed isotherm types for the rock samples are similar to the types for a 
coal sample under both the air-dry and water-saturated conditions at around 50˚C [11]. They reported that the 
negative trend was attributed to a swelling effect during CO2-induced into coal sample, which leads to a change of 
the volume ratio of measuring cell to sample. Therefore, some errors of estimation were introduced by ignoring the 
swelling effect during sorption measurement. Consequently, CO2 sorption behavior trend in the moderate pressures 
did not show positive increase but negative value in the isotherm type. 
Some researchers have previously reported that the amount of swelling effect will increase as CO2 pressure 
increases and increase as the coal carbon content decrease [12, 13]. Furthermore, CO2 sorption measurement of the 
shale was measured by using the volumetric technique, and was found that the shale had a potential of sorbed CO2. 
The sorption isotherm type had also been observed the inflection point on the sorption isotherm at near critical state 
like as that of the volumetric measurement of coal samples [14]. 
The present experimental results suggest that the swelling of rock might take place during the sorption process like 
as the other sorbent materials, e.g. activated carbon, polymers. The sorption measurement at above 50˚C could be 
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Fig.3. Excess CO2 sorption isotherms of the rocks under the air-dry and water-saturated conditions. 
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evaluated for the accuracy amount of CO2 sorption of the rocks compared with that at below 50˚C. Because, at 
above 50˚C, the errors introduced by ignoring of swelling will decrease with increasing temperature. 
Furthermore, the CO2 sorption capacity of water-filled rock was slightly higher than that of dry rock, except in the 
vicinity of critical pressure. Hence, this behavior was unexpected because water and CO2 are believed to compete 
for the same sorption sites. Therefore, it was suggested that the adsorbed water on the sorption sites may exert little 
impact on the sorption capacity of CO2. This result indicated that the CO2 sorption onto rock minerals in the 
presence of water could offer as a key mechanism for the CO2-water-rock interactions in a storing process of CO2 
and needs to be further investigated. 
 
5. Comparison of hypothetical storage models 
All the experimental data obtained from the experiment was evaluated by the following hypothetical storage 
models: (i) monolayer adsorption model assumes that a state of dynamic equilibrium is established between the CO2 
and the rock surface under water-free condition that adsorption is restricted to a single monolayer as liquid CO2. (ii) 
solubility model assumes that an injected CO2 within water-filled reservoir will dissolve into pore water. (iii) pore-
filling model assumes that the entire pore space of rock sample is filled with CO2 at relevant-geological pressure and 
temperature. These theoretical values based on monolayer adsorption model, solubility model, and pore-filling 
model represent the term of Wα, Wβ, and Wγ, respectively, and are determined by the following equations, 
respectively: 
rock
satrockssCO
M
MVd
W
ρ
α
⋅⋅⋅
= 2   (4) 
rock
COOHrockrockrock
M
TPM
W
),()/( 22 χρρφ
β
⋅⋅⋅
=   (5) 
rock
COrockrockrock
M
M
W 2
)/( ρρφ
γ
⋅⋅
=   (6) 
 
where dCO2, φrock, ρH2O, ρrock and Mrock are the molecular diameter of CO2 (0.52 nm; [15]), the porosity of rock 
sample, the density of rock sample, the density of water (1000 kg/m3) and the mass of rock sample, respectively. ρsat 
represents the density in sorbed CO2 phase, and the value is determined by the Dubinin-Nikolaev equation [16]. χCO2 
is the CO2 solubility of water based on literature data by Wiebe and Gaddy (1939) [17]. Vss is surface area of rock 
sample, which is measured by B.E.T. method. These values are given in Table 1. 
Hypothetical isotherms based on the storage models, calculated by Eq. (4) to (6), were compared with the sorption 
isotherms obtained from the experiment, as shown in Fig.4. The CO2 storage capacity based on the solubility model 
was much larger than that on monolayer model at 40˚C.  
As can be seen from Fig.4, the CO2 storage capacity on the theoretical isotherms by both monolayer adsorption 
model and solubility model, were remarkably smaller than that obtained from the experiment, except in the vicinity 
Table 1 The lists of the relevant parameters of the hypothetical storage models (monolayer adsorption, solubility 
and pore-filling models) 
Rock Bulk density Porosity Specific surface area 
 (ρrock) (φrock) (Vss) 
 g/cm3 vol.% m2/g 
Kimach Sandstone 2.51 20.0 2.8 
Iidate Granite 2.62 1.1 0.3 
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of near-critical pressure range. This indicates that these phenomena can not be explained thoroughly by either the 
CO2 dissolution into pore water or the monolayer adsorption as liquid CO2 state on the CO2/rock interface during 
sorption process. Thus, it suggested that the CO2 sorption amount should be caused by not only the dissolution of 
CO2 into pore water and the monolayer adsorption of liquid CO2 on the CO2/rock interface, but also some unknown 
interactions among CO2, pore water and rock during the sorption process. The differences between the measured 
experimental values and the calculated ones are needed to be further investigated.  
It was shown, on the other hand, that the amount of sorption for the sandstone was closed to the pore-filling model 
predicted value. In contrast, that for the granite was as much as 5-10 times greater than the pore-filling model 
predicted value. Hence, it was suggested that the sorptive behavior of CO2 onto rock minerals under both the air-dry 
and water-saturated conditions could be large differences between the sandstone and the granite, and the sorption 
capacity may exhibit little or no effects of porosity.  
Although the granite are generally unsuitable for geological sequestration of CO2 because the crystalline or 
metamorphic rocks lack the porosity needed for storage space and the permeability needed for injection [18], the 
results of this study indicated that the granite may also need to consider as a reservoir rocks for CO2 geological 
storage.  
 
6. Conclusions 
1. CO2 sorption capacity increases with increasing pressure and decreases as the temperature increases, except in 
the near-critical pressure. Additionally, it has also been observed that both Kimachi Sandstone and Iidate 
Granite were weight gain at atmospheric pressures due to the sorbed CO2 into the rock samples after the 
experiment. Therefore, in both air-dry and water-saturated conditions, it can be certainly said that the rocks 
could be capable of sorbing CO2 to their surface or internal structure. 
2. CO2 sorption isotherms at temperatures of 33, 40, and 50˚C have been observed the inflection point at 8, 9 and 
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Fig.4. Comparison of the PVT experimental data with the theoretical values based on the storage models 
(adsorption, solubility, and pore-filling models) at 40˚C for the rocks. 
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10MPa, respectively. It has been confirmed that these isotherms type are similar trend to some published that 
type for both a coal and shale samples measured by using the volumetric measurements. The result suggested 
that the swelling due to CO2-induced into the rock might take place during the sorption process like as the 
other sorbent materials, e.g. activated carbon, coal, and polymer.  
3. The amount of CO2 sorption of water-filled rock was slightly higher than that of dry rock. It can be seen from 
this result that the adsorbed water on sorption sites may exert little influence on CO2 sorption capacity.  
4. The CO2 storage capacity on the theoretical isotherms by the monolayer adsorption and solubility models, were 
remarkably smaller than the corrected experimental data. Hence, this result indicated that the calculated 
absolute sorption amount could not fully be explained by CO2 dissolution in water alone, and the sorption will 
provide a significant knowledge for estimating the CO2 sequestration potential of geological reservoirs. 
5. The amount of calculated absolute sorption for the sandstone was closed to the pore-filling model predicted 
value. In contrast, that for the granite was as much as 5-10 times greater than the pore-filling model predicted 
value. Hence, it was suggested that the sorptive behavior of CO2 onto rock minerals could be large differences 
between the sandstone and the granite, and the sorption capacity may exhibit little or no effects of porosity and 
could be dependent on rock types. The present MSB results of this study indicated that the granite may also 
need to consider as one of  reservoir rocks for CO2 geological storage. 
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